INTRODUCTION
Thymocytes are highly radiosensitive and undergo interphase death within a few hours of low doses of X-irradiation 1,2) . This radiation-induced death has been shown to be an internally programmed death, i.e., apoptosis 3.4). Although the process of apoptosis has not been fully clarified, it requires RNA and protein synthesis (gene expression) for cell death 4,5) and is accompanied by DNA fragmentation owing to the activation of Ca 2+ , Mgt+ dependent endonucleases4-7). But there is little information on the genetic regulation of apoptosis.
Lymphocyte radiosensitivity has been investigated by a number of researchers, mainly by assessing cell depletion from lymphoid organs, including the thymus, after whole-body X-irradiation 1, s-1 1), but, little attention has been paid to strain difference which is considered to be regulated by a genetic factor(s). Although the radiosensitivity of mature immuno competent T and B cells has been shown to differ among strains of mice 12-14>, strain differences in the radiosensitivity of thymocytes (most of which are immature, immunoin competent, mortal in the thymus in situ and die immediately without proliferation in vitro) have not been examined.
One difficulty in comparing the radiosensitivity of thymocytes in different mouse strains is that thymocytes are composed of heterogenous subsets that differ in radiosensitivity" 15,16) Thymocytes are classified into four subclasses according to the expression of the differentiation antigens Lyt-2 (CD8) and L3T4 (CD4)1'). CD4+CD8+ cells, the major thymus subpopulation in the cortex, are the most radiosensitive 11,1x.19) In contrast, CD4+CD8 cells, immunocompetent helper T cells in the medulla, are refractory to X-ray exposure 19,20).
We previously reported that the STS/A strain is extremely resistant to radiation induced lymphoma, whereas the BALB/cHeA strain is very sensitive 21) . Therefore, it is important to determine whether there is a difference in thymocyte radiosensitivity between the two strains and whether such radiosensitivity is associated with the difference in suscep tibility to radiation-induced lymphoma.
We here show that, when irradiated in vitro, the thymocytes of STS/A mice are more resistant to radiation-induced cell death than those of BALB/cHeA mice. Flow cytometric analysis based on the expression of CD4 and CD8 antigens suggested that the strain difference in the radiosensitivity of the thymocytes is not ascribable to the constitutional difference in thymus cell subpopulations in two strains.
MATERIALS AND METHODS
Mice. The origin of BALB/cHeA and STS/A strains is described elsewhere 2U . These mice were bred in our own colonies at the Research Institute, University of Osaka Prefecture.
Preparation of thymocyte suspensions. Female mice aged 5-8 weeks were killed and their thymi were excised. Thymocytes were suspended in Krebs-Ringer phosphate buffer (pH 7.4) at the concentration of 1-5 x 107 cells/ml. Two milliliters of the cell suspension was poured into 60 mm glass dishes. The composition of the buffer was described elsewhere by Ohyama et al. 22) X-irradiation. Thymocytes were exposed to 4-12 Gy of X-rays at the rate of 1.56 Gy/min from an X-ray generator Radioflex 350 (Rigaku Industrial Corp., Japan) under operating conditions of 260 kVp, 15.5 mA and 0.3 mm Cu+0.5 mm Al filters.
Incubation and measurement of cell survival. Immediately after irradiation, the cell suspensions were incubated at 37°C for 2-8 h with 10 mM glucose (final concentration). Cell viability then was assessed by the 0.02% erythrosin B dye exclusion test 23).
Flow cytometric analysis. About 1 x 108 thymocytes that had been suspended in 2 ml of phosphate-buffered saline (PBS) with 2% FCS, were sedimented by centrifugation, after which they were suspended in 0.83% ammonium chloride to lyse the erythrocytes. After incubation at 0°C for 10 min, the cells were washed with PBS containing 2% FCS and resuspended in the same medium. About 5 x 106 cells were taken from the cell suspension and stained with appropriate amounts of fluorescein isothiocyanate (FITC)-conjugated anti-CD8 and phycoerythrin (PE)-conjugated anti-CD4 antibodies (Beckton Dickinson Monoclonal Center), after which they were incubated at 4°C for 30 min. The cells were washed twice with PBS containing 2% FCS and fixed by an addition of 0.25% para formaldehyde in PBS. Flow cytometry was done with an FACScan (Beckton Dickinson Immunocytometry Systems, Mountain View, CA.).
RESULTS
Time course of cell death after X-irradiation. Thymocytes from BALB/cHeA and STS/A strains of mice were irradiated in vitro with 12 Gy of X-rays. After incubation at 37°C, the number of dead cells was assessed by 0.02% erythrosin B exclusion, the time course of cell death is given in Fig. 1 . Irradiation of up to 12 Gy did not increase the number of dead cells during 2 h of incubation, but there was a rise in the number of dead cells from 2 h in the incubation period, the maximum being reached at 6 h for both strains. The time course of cell death after irradiation was in good agreement with that for rat thymocyte apoptosis reported by Yamada and Ohyama23). The difference in the percentages of dead X-irradiated thymocytes for BALB/cHeA and STS/A was about 20% on the plateau. The mortalities of the unirradiated thymocytes of both strains increased gradually during incubation (2-6 h), the maximun for BALB/cHeA being approximately 10% higher than for STS/A. The difference was signifiant (P<0.01, by the t-test).
The maximum percentage of dead cells was observed 6 h after incubation, but we adopted 4 h as the appropriate incubation period for the examination of the dose-effect relation in thymocyte death in the following experiments because the spontaneous mortality of thymocytes incubated without radiation (in particular for BALB/cHeA) was not remark able up to 4 h. To ascertain the mode of cell death, we examined DNA fragmentation of the 12 Gy-irradiated thymocytes and the prevention of cell death by cycloheximide. DNA from irradiated thymocytes of both strains that was electrophoresed on agarose gel showed the "ladder" pattern that is one of the features of apoptosis (data not shown). Addition of 5-20 tM cycloheximide prevented the death of irradiated thymocytes during 5 hours of incubation at 37°C (data not shown). Because of these results, the mode of radiation induced death of thymocytes in vitro is considered to be apoptosis. X-ray dose effects on cell death. The dose effect curves for the mortality of thymocytes from BALB/cHeA and STS/A mice 4 hours after incubation are shown in Fig. 2 . The radiation effect was detectable even at 1 Gy. In both mouse strains, cell mortalities at 1 Gy were 16% higher than those of unirradiated controls. The number of dead cells in BALB/cHeA increased rapidly as the dose increased, reaching the maximum (62%) at 8 Gy. In contrast, the percentage of dead STS/A thymocytes increased slightly as the dose increased, reaching a plateau (40%). The shape of the cell mortality curve indicates that thymocytes are composed of various components that differ in radiosensitivity. The difference in the radiosensitivity of the thymocytes of the two strains was approximately 20% in the dose range of 8 to 12 Gy, and was significant in that range (P<0.005), by Student's t-test). A higher X-ray dose, such as 24 Gy, slightly suppressed cell death. Flow cytometric analysis of thymocyte subpopulations. As the strain difference in thymocyte radiosensitivity might be ascribable to a difference in the composition of the thymocyte subpopulations, we analyzed the expression of the T-cell differentiation antigens CD4 and CD8 on the thymocytes from BALB/cHeA and STS/A mice by flow cytometry. Representative cell distribution patterns of the thymo cytes from these strains are shown in Fig. 3 , there is a very similar pattern. The mean percentages of the subpopulations that consisted of CD4+CD8-, CD4-CD8+, CD4+CD8+ and CD4-CD8 cells are given in Table I . The percentages of CD4+CD8+ cells, which are present in the cortex and are classified as the major and highly radiosensitive thymocyte subpopulation11, 18-20) were 85.6% in BALB/cHeA and 88.6% in STS/A cells. The percent ages of CD4+CD8 cells or helper T-cells 19,20) which are found mainly in the medulla were 8.9% in BALB/cHeA and 8.7% in STS/A. The numbers of CD4-CD8+ and CD4-CD8 cells in BALB/cHeA were slightly higher than in STS/A, but the difference was too small to explain the strain difference in apoptosis. These results indicate that the strain difference in thymocyte radiosensitivity can not be explained by a difference in the composition of thymus cell subpopulations in BALB/cHeA and STS/A strains of mice. 
DISCUSSION
We have showed that the mortality of thymocytes from STS/A mice is significantly lower than that of those from BALB/cHeA mice 4 h after in vitro X-irradiation. This difference was not ascribable to a difference in the composition of thymus cell subpopulations, in terms of classification by the expression of T-cell differentiation antigens CD4 and CD8. The difference in susceptibility to radiation-induced apoptosis appeares to be genetically controlled.
The mortality of unirradiated thymocytes from STS/A mice was significantly lower than that of those from BALB/cHeA mice 6-8 h after incubation. Spontaneous thymocyte apoptosis is known to occurs in vitro7), and, it has recently been demonstrated that growth factors such as IL-224. 25), colony stimulating factor (CSF)26), erythropoietin27 and hormones such as androgen 28) suppress apoptosis and, moreover, when these factors are depleted, the mechanism of apoptosis becomes active. Thymocyte apoptosis during incubation therefore might be caused by the elimination of such a suppressor factor(s). In contrast, targets of radiation-induced apoptosis of thymocytes are unknown.
The process of thymocyte apoptosis is activated by various stimuli, glucocorticoids29 , binding of anti-CD3 antigens with the CD3/T-cell receptor complex 30) or Ca 21 ionophore31 ) as well as radiation. This suggests the presence of initial various pathways leading to DNA fragmentation by Ca 21, Mgt+-dependent endonucleases. In our in vitro study, a strain difference was found in the mortalities of irradiated and unirradiated thymocytes, which suggests that a genetic difference between two strains might be present in a possible common process of apoptosis. This possibility will be assessed in future studies whether such a strain difference appears in apoptosis activated by various stimuli.
Thymic lymphoma is easily induced in BALB/cHeA mice but rarely induced in STS/A mice by a split-dose of X-irradiation 21). The results obtained in this study clearly show that in vitro the thymocytes of STS/A mice are more resistant to apoptosis than those of BALB/cHeA mice. This strain difference also was found in our preliminary studies on in vivo apoptosis. In mice susceptible to radiation lymphomagenesis, regeneration of thymus cells injured by a split-dose of X-irradiation is severely inhibited 32,33) and neoplastic cells appear in the atrophic thymus produced by X-irradiation 34). The difference in thymocyte depletion through apoptosis induced by X-irradiation may be related to the different susceptibilities to lymphomagenesis of BALB/cHeA and STS/A mice. Whether the suscep tibility to radiation-induced apoptosis is closely correlated with this susceptibility to radiation induced lymphomagenesis must be determined by experiments on recombinant inbred strains derived from the BALB/cHeA and STS/A as well as many other strains.
